The aim of this work is to develop and adapt a formalism to determine absorbed dose to water from graphite 24 calorimetry measurements in carbon-ion beams. Fluence correction factors, , needed when using a 25 graphite calorimeter to derive dose to water, were determined in a clinical high-energy carbon-ion beam.
Introduction

42
The quantity of interest in radiation therapy dosimetry is absorbed dose to water. The determination of this 
49
higher sensitivity and good tissue-equivalence [AAPM, 1986 , Vynckier et al. 1991 and 1994 , ICRU, 1998 ].
50
However, a conversion procedure is required to determine absorbed dose to water. The latter is the disadvantage 51 of graphite calorimetry because it increases the total uncertainty of absorbed dose to water. The conversion 52 requires (i) the stopping-power ratio between water and graphite and (ii) the fluence correction factor, , that 53 corrects for the difference between the fluence distributions at equivalent depths in the two materials [Lühr et al., 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t
12
water and graphite for an 80 MeV/n carbon-ion beam, where experimental information was obtained from 13 ionization chamber measurements in water and graphite. In their work, the ratio of ionization chamber 14 perturbation correction factors between water and graphite was assumed negligible although this ratio is not well 30 31
where is the charged particle type and is the mass stopping power. The numbers in superscript (i.e. 1 and 2) 33 identify the setups used. In setup #1, quantities were scored in a homogenous phantom of water and in setup #2 quantities
34
were scored in a homogenous phantom of graphite ( figure 1 ). An alternative method was also used to compute 
38
where and are the doses in water and graphite, respectively, and is the water-to-graphite Bragg-
39
Gray stopping-power ratio. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t mass of air in the chamber, is the medium-to-air Spencer-Attix stopping-power ratio for the fluence in 3 medium , and the perturbation correction factor for the chamber in medium . Note that Spencer-Attix 4 stopping powers consider the production of secondary electrons (or delta-rays) that have enough energy to travel 5 away from the point where they were generated before their energy is deposited. An energy threshold is defined 6 above which secondary electrons are transported and their energy is deposited away from the initial site of 7 interaction and restricted stopping powers are used to account for such energy exchanges. On the other hand,
8
Bragg-Gray stopping powers consider that secondary electrons deposit their energy locally. The energy threshold 9 is set to infinity and unrestricted stopping powers are used.
10
Using equation (3), the ratio of ionization chamber readings between water and graphite at equivalent depths is given 11 by:
12 13
14
By multiplying and dividing the denominator on the right hand side by ( ) ( ) ,
15
one obtains 16 17
18
The following assumptions were made: (i) the ratio of values between the two setups differed from unity by 
27
The first assumption is supported by the fact that the spectra between setups at equivalent depths are marginally 28 different and the short range of secondary electrons supports the second assumption. The third assumption is
29
supported by the fact that the stopping-power ratios vary little with energy so for the two spectra, which are very A c c e p t e d M a n u s c r i p t 
10
Based on assumption (iv), it was shown [Lourenço et al., 2016a] that the ratio between dose in setup #3,
11
( ), and dose in setup #2, ( ), was approximately equal to the Bragg-Gray water-to-graphite 12 stopping-power ratio, . Therefore, the fluence correction factor can be calculated by the ratio of 
22
Here, this approach is referred to as the depth-averaging method and it was used to determine factors 23 experimentally. Note that values near the Bragg peak were not considered since the effect of positioning errors is 24 critical in that region due to high dose gradients. By testing graphite slabs of variable thicknesses , the variation 25 of the fluence correction factor with depth was studied.
26
The depth-averaging approach was also applied to the results of Monte Carlo simulations of setups #1 and
27
#3:
28 29
In a previous study [Lourenço et al., 2016b] , fluence correction factors between water and graphite were 31 calculated in proton beams using similar methods. For proton beams, fluence corrections derived from setups #1
32
and #3 were found to be partial fluence corrections since they account only for primary and part of the secondary 33 particles spectra. In these beams, secondary particles, such as alpha particles, which originated from target 34 fragmentation with very short ranges, do not have sufficient energy to cross the chamber's wall.
36
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12
MeV/n at the source. Measurements were performed with a field size of 11 x 11 cm 2 , without modulation.
13
Fluence corrections were measured using a plane-parallel Roos ionization chamber (PTW type 34001, radius 14 of the collecting volume = 0.75 cm) due to its small collecting volume in comparison with the field size.
15
Central axis measurements should be performed in broad beams using small detectors, while laterally 16 integrated measurements should be performed in pencil beams using larger detectors. Reference dosimetry 17 in scanned beams is usually performed using pencil beams, thus, these corrections could be generalized to recombination and polarity corrections were not considered since the same ionization chamber was used in 25 the two setups and a ratio of two ionization chamber readings was calculated. Moreover, the two 26 measurement points have almost identical dose rates and particle spectra.
27
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30
When considering only primary carbon ions, decreases slightly in depth (toward 0.99) because more 31 primary particles are removed from the beam in water than in graphite. When also secondary carbon ions are 32 included, increases towards 1.02 at a depth near the Bragg peak since the total charge-changing cross-sections 33 are higher in water than in graphite [Hultqvist et al., 2012] . Therefore, the dose contribution of secondary carbon
34
ions is also higher in water than in graphite as shown in figure 2. The same applies when a different set of charged
35
particles are included, with exception of fragments with Z=1 of which the dose contribution is higher in graphite 36 than in water (figure 2), thus there is a reduction in the factor when these particles are included.
38 39
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4
, and experiments, , respectively.
6
Conclusions 7 8
In this work, a formalism was developed and adapted to derive absorbed dose to water, using a graphite 9 calorimeter in carbon-ion beams. This procedure has the advantage of involving measurements being done 10 independently from ionization chamber perturbation factors caused by the use of different phantom materials.
11
Fluence corrections, needed for the conversion of dose to graphite from a graphite calorimeter to dose to water,
12
were measured experimentally in a high-energy carbon-ion beam and compared with numerical simulations.
13
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